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Specification 

Title of the Invention 

[0001] Optical Fiber And Method For Producing The Same 
Background of the Invention 

[0002] The present invention relates to an optical fiber 
to be optically coupled with a device for optical 
cbmrauniciation . 

[0003] In an optical communication system, an optical 
fiber is coupled to an optical communication device, such 
as an optical network unit (ONU) . The optical communication 
device generally includes a laser diode for emitting a 
laser beam modulated in accordance with data to be 
transferred and a converging lens for converging the laser 
beam on an entrance face of the optical fiber. In order to 
efficiently transmit the laser beam through the optical 
fiber, the laser beam should be converged on the center of 
the core of the optical fiber's entrance face. This 
requires very precise positioning of the laser diode and 
the converging lens against the optical fiber since the 
core of the optical fiber has a diameter of only a few 
micrometers (e.g; about 10 (an). 
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[0004] Conventionally/ positioning of the laser diode 
and/or the converging lens against the optical fiber is 
carried out by detecting the light amount of the laser beam 
passed through the optical fiber. The optical fiber is 
moved relative to the laser beam until the detected light 
amount exceeds a predetermined level. When the detected 
light amount exceeds the predetermined level. it is 
determined that the laser beam emitted from the laser diode 
impinges on the center of the optical fiber ' s core . 
[0005] In the conventional method mentioned above, it is 
necessary to first visually adjust the incident position of 
the laser beam to the. core of the optical fiber's entrance 
face so that at least a part of the Ijaser beam passes 
through the optical fiber. However, since it is difficult 
to visually distinguish the core from the cladding, the 
position of the laser diode relative to the optical fiber 
must be first adjusted by trial and error until the laser 
beam enters the core of the optical fiber and can be 
detected on the other end (exit end) of the optical fiber. 
This process is troublesome and time consuming. 
[0006] Further* after the positioning of the laser diode 
and the converging lens is achieved, the positions thereof 
relative to the optical fiber may change with age and cause 
poor optical coupling between the laser diode and the 
optical fiber. However, after the optical fiber is 
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Installed in an optical communication system, re -adjustment 
of the optical coupling between ttie optical fiber and the 
laser diode cannot be carried out easily by the above- 
mentioned conventional method since the exit end of the 
optical fiber is connected to another device and does not 
allow measurement of the power of the laser beam emerging 
therefrom, 

[0007] Therefore, there is a need for an optical fiber 
that facilitates an adjustment of a position of a light 
beam incident on an entrance face of the optical fiber. 
[0008] There is also a need for an optical fiber of 
which optical coupling with a device for ' optical 
communication can be re-adjusted with ease even after the 
optical fiber is installed in an optical communication 
system. 

Summary of the Invention 

[0009] The present invention is advantageous in that an 
optical fiber that satisfies the above mentioned needs and 
a method for producing the same are provided. 
[0010] An optical fiber according to an aspect of the 
invention includes an entrance face that is optically 
coupleable with a device for transmitting a light beam 
through the optical fiber. The entrance face includes a 
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core region and a cladding region surrounding the core 
region. The cladding region is .at least partially covered 
with a coating, which is made of metal, for example, to 
enhance the reflectivity of the entrance face, 
[poll] When the light beam generated by the device 
impinges on the cladding region of the optical fiber's 
entrance face, the light beam is strongly reflected by the 
coating thereon and allows detection of the incident 
position of the light beam on the optical fiber from thei 
direction in which the reflected light beam travels . 
Therefore, the incident position of the light beam on the 
optical fiber can be adjusted with ease. 

[0012] It should be noted that since it is the light 
beam reflected by the coating and not the light beam 
transmitted through the optical fiber that can be utilized 
for detecting the incident position of the light beam on 
the optical fiber, the light beam incident position can 
also be detected during transmission of an optical signal 
through the optical fiber by detecting a reflection of a 
signal carrying light beam.- In other words, the condition 
of the optical coupling of the optical fiber with the 
device can also be detected during use of the device and 
the optical fiber. 

[0013] Optionally, the coating may be formed 
substantially over a whole area of the cladding region . 



4 



U3 - 1 0-3 1 



b : U b HM : MATSUOKA & Co. 



Greenblum&Bernstei ;042372685B 



8/ 34 



Alternatively, . the coating may be selectively formed on an 
area of the cladding region defined in a vicinity of the 
core region . 

[0014] Optionally, the coating may have a mirror surface 
to increase the reflectivity thereof. . 

[0015] In some embodiments of the invention, the 
entrance face is formed perpendicular to an optical axis of 
the optical fiber. In other embodiments of the invention, 
the entrance face is inclined against the optical axis of 
the optical fiber. 

[0016] An optical fiber according to another aspect of 
the invention includes an entrance face that is optically 
coupleable with a device for transmitting a light beam 
through the optical fiber. The entrance face is provided 
with a structure that diffracts a light reflected by the 
entrance face. . 

[0017] The diffraction pattern formed by the reflected 
light depends on the position of the light beam incident on 
the entrance face of the optical fiber. Therefore, the 
incident position of the light beam, or the optical ^ 
coupling of the optical fiber with the device, can be 
adjusted based on the diffraction pattern formed by the 
reflected light beam. 

[0018] It should be noted that a light beam carrying a 
signal to be transmitted through the optical fiber also 
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forms the diffraction pattern when reflected by the 
entrance face of the optical fiber. Therefore, the 
adjustment of the optical coupling between the optical 
fiber and the device can be performed during the use of the 
optical fiber. 

[0019] Optionally, the entrance face is formed such that 
the core protrudes ^ from the cladding and so that an end 
face of the core is parallel with . an end face of the 
cladding. In particular caises, the core protrudes from the 
cladding by a length less than X/(4n), or by a length equal 
to X/8n, where X represents the wavelength of the light 
reflected by the entrance face, and n represents the 
refractive index of a medium transmitting the light. 
[0020] Alternatively, the entrance face is recessed at 
the core with an end face of the core being parallel with 
an end face of the cladding. 

[0021] According to another aspect of the invention, a 
method for processing an entrance face of an optical fiber, 
through which a light beam is to be introduced into the 
optical fiber is provided. '* 

[0022] The method includes forming a negative 
photoresist layer over the entrance face, selectively 
exposing the photoresist layer located substantially above 
a core of the optical fiber by light introduced into the 
optical fiber from another end face thereof, developing the 
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photoresist layer to selectively remove it form an end face 
of. a cladding of the optical fiber, forming a reflection 
layer on the entrance face, which may have a mirror surface, 
to enhance the reflectivity of the entrance face, and 
removing the photoresist layer remaining on the entrance 
face. 

[0023] Optionally, the method further includes 
selectively exposing the photoresist layer above an outer 
periphery of the end face of the cladding so that . an area 
on the end face of the cladding defined in a vicinity of 
the core is selectively exposed when the photoresist layer 
is developed. 

[0024] Optionally, the reflection layer may be made of 
metal. 

[0025] According to another aspect of the invention, the 
method includes forming a photoresist layer over the 
entrance face, exposing the photoresist layer located 
substantially above a core of the optical fiber by light 
introduced into the optical fiber from another end face 
thereof, developing the photoresist layer to selectively 
remove it from one of an end face of the core and an end 
face of a cladding of the optical fiber, processing the 
entrance face to diffract the light beam reflected by the 
entrance face, and removing the photoresist layer remaining 
on the entrance face. 
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[0026] Optionally, the photoresist layer formed over the 
entrance face is developed so that the cladding is exposed, 
and processing the entrance face includes etching the 
cladding so that the core protrudes from the cladding with 
the end face of the core being parallel with the end face 
of the cladding. 

[0027] Further optionally, the cladding is etched so 
that the core protrudes from the cladding by a length less 
than X/(4n), where X represents the wavelength of the light 
beam reflected by the end face. and n represents a 
refractive index of a medium transmitting the light. In 
some particular cases, the core protrudes from the cladding 
by a length equal to X/8n. 

[0028] In some cases, the photoresist layer formed over 
the entrance face is developed so that the core is exposed, 
and processing the entrance face includes forming an 
additional layer on the entrance face, the additional layer 
being capable of transmitting the light beam. In this case, 
the additional layer may have a same refraction index as 
the core. 

[0029] In some cases, the photoresist layer formed over 
the entrance face is developed so that the core is exposed, 
and processing the entrance face includes etching the core 
so that the core forms a recessed area on the entrance face 
and so that the end face of the core is parallel with the 
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end face of the cladding. 

[0030] In some cases, the photoresist, layer formed over 
the entrance face is developed so that the cladding is 
exposed, and processing the entrance face includes forming 
an additional layer on the entrance face so that the core 
becomes a recessed area on the entrance face. — 
[0031] According to another aspect of the invention, an 
optical fiber is provided that includes an entrance face 
that is optically coupleable with a device for transmitting 
a light beam through said optical fiber. The entrance face 
has a core region and a cladding region surrounding the 
core region. The entrance face is arranged so that optical' 
characteristics of the light beam deflected by the entrance 
face changes from when the light beam impinges on 
substantially a center of the core region and when the 
light beam impinges on the entrance face at a location 
substantially displaced from the center of said core region. 
[0032] According to stili another aspect of the 
invention, an optical fiber is provided that includes an 
entrance face that is optically coupleable with a device 
for transmitting a light beam through said optical fiber. 
The entrance face is provided with a step having a height 
less than ?v./4n, where X represents the wavelength of the 
light beam reflected by the entrance face, and n represents 
a refractive index of a medium transmitting the light. 
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Brief Description of the Accompanying Drawings 

[0033] Fig, 1 schematically illustrates a configuration 
of an optical communication device connected with an 
optical fiber according to a first embodiment of the 
invention;. 

[0034] Fig. 2 is a perspective view of a light detector 
of the optical communication device shown in Fig.^ 1; 
[0035] Figs- 3A and 3B schematically illustrate beam 
spots formed on a light receiving surface of the light 
detector shown in Fig. 2; 

[0036] Fig. 4 schematically shows the optical fiber 
according to the first embodiment of the invention; 
[0037] Figs. 5A tlurough 5E schematically illustrate a 
process for forming a mirror surface coating on an end face 
of an optical fiber; 

[0038] Figs. 6 shows a variation of the optical fiber 
shown in Fig . 4 ; 

[0039] Fig. 7 schematically illustrates a method of 
exposing an outer periphery of a photoresist formed on an 
end face of an optical fiber; 

[0040] Fig. 8 shows another variation of the optical 
fiber shown in Fig. 4; 

[0041] Fig. 9 shows a variation of the light detector 
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Shown in Fig . 2 ; 

[0042] Fig. IDA is a perspective view of an optical 
fiber according to a second embodiment of the invention; 
[0043] Fig, IQB . schematically illustrates a 

configuration of an optical ^cpmmunication device connected 
with the optical fiber according - to the second embodiment 
of . the invention; 

[0044] Figs, llA and IIB schematically show light 
intensity distributions of the laser beam impinging on the 
light receiving area after being reflected by an end face 
of the optical fiber shown in Fig, lOA; 

[0045] Pigs, 12A through 12E schematically illustrate a 
process for forming a protruded core on an end face of an 
optical fiber; 

[0046] Figs. 13A tlirough 13E schematically illustrate 
another process for forming a protruded core on an end face 
of an optical fiber; 

[0047] Fig. 14 shows a variation of the optical fiber 
shown in Fig. lOA; 

[0048] Figs, 15A through 15E schematically illustrate a 
process for forming a recessed area on an end face of an 
optical fiber; and 

[0049] Fig. 16 shows a variation of the optical fiber 
shown in Fig. lOA. 
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Detailed Description of the Embodiments 

[0050] Hereinafter, embodiments of the present invention 
be described with reference to the accompanying 
drawings/ in which elements that are substantially the sanie 
are denoted by the same reference numbers, 

(0051] Fig, 1 schematically illustrates a configuration 
of an optical communication device 100 connected with an 
optical fiber 200 according to a first embodiment of the 
invention. The optical communication device 100 is, for 
example, an optical network unit (ONU) that connects a 
terminal such as a subscriber's computer with an optical 
fiber network. The optical communication device 100 is 
designed, for example, with a wavelength division 
multiplexing (WDM) technology that transports bi- 
directional signal over a single optical fiber. The optical 
communication device 100 utilizes light of which wavelength 
is 1.3 \xm for transmitting data and light of which 
wavelength is 1.5 [m for receiving data . 

[0052] As shown in Fig. 1, the optical communication 
device 100 is provided with a laser diode 102, a first 
converging lens 104, a second converging lens 106, a light 
detector 108, a controller 110 and an actuator 112. 
[0053] . The laser diode 102 is a light source generating 
the light for data transmission. The laser diode 102 emits 
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a laser beam that is modulated ON/OFF in accordance with 
data to be transmitted over the optical fiber 200. 
[0054] The first converging lens 104 is placed on the 
optical path of the laser beam emitted from the laser diode 
102, and converges the laser beam on an end face, or 
entrance face 202, of the optical fiber 200. 
10055] The first converging lens 104 is supported by the 
actuator 112 movably within a lens position adjustment 
plane that is perpendicular to an optical axis of the first 
converging lens 104. The actuator 112 moves the first 
converging lens 104 within the lens position adjustment 
plane to adjust an incident position of the laser beam on 
the entrance face 202 of the optical fiber 200. 
[0056] A part of the laser beam incident on the entrance 
face 202 of the optical fiber 200 enters the optical fiber 
200 and transmits therethrough to a receiving device, while 
the remaining part of the laser beam is reflected by the 
entrance face 202. 

[0057] The optical fiber 200 is held by a fiber holding 
mechanism 114 of the optical communication device 100 so 
that the laser beam impinges obliquely on the entrance face 
202 of the optical fiber 200 and is reflected toward the 
light detector 108. 

[00561 The second converging lens 106 is placed between 
the entrance face 202 of the optical fiber 200 and the 
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light detector 108 so that the entrance face 202 and a 
light receiving surface 116 of the light . detector 108 are 
conjugate with respect to the second converging lens 106, 
and so that the center of the entrance face 202 and the 
center of the light receiving surface 116 are on the 
optical axis of the second converging lens 106. Accordingly, 
the laser beam reflected at the center of the entrance face 
202 is converged by the second converging lens 106 on the 
center of the light receiving surface 116 • 

[0059] The light detector 108 is a photodiode that 
detects the light amount of the laser .beam incident thereon. 

[0060] Fig. 2 is a perspective view of the light 
detector 108.. The light receiving surface 116 is divided in 
four light detecting areas Zl, Z2, Z3, and Z4 by first and 
second boundary lines 118 and 120. In the present 
embodiment , the light receiving surface 116 has a round 
shape. The first and second boundary lines 118 and 120 are 
brthogonai to each other and pass through the center of the 
round light receiving surface 116, Accordingly, the light 
receiving surface 116 is divided into quarters by the first 
and second boundary lines 118 and 120. 

[0061] Each light detecting area Zl, Z2, Z3, and Z4 
detects the light amount of the laser beam incident thereon. 
The light detector 108 outputs signals corresponding to 
light amounts detected by the light detecting areas Zl, Z2, 
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Z3 and Z4. The light amounts detected by the light 
r detecting areas Zl, Z2, Z3 and Z4 represent the position of 
a beam spot formed by the laser beam on the light receiving 
surface 116. 

[0062] Figs. 3A and 3B schematically illustrate beam 
spots formed by the laser beam on the ' light receiving 
surface 116 of the light detector 108. Fig. 3A illustrates 
a beam spot S formed on the center of the light receiving 
surface 116, while Fig. 3B illustrates a beam spot S formed 
on a position displaced from the center of the light 
receiving surface 116. When the beam spot S is formed on 
the center of the light receiving surface 116 as shown in 
Fig. 3A, the light amounts detected by the four light 
detecting areas Zl, Z2, Z3 and Z4 are equal to each other. 
However, when the beam spot S is displaced from the center 
of the light receiving surface 116, the light amounts 
detected by the light detecting areas Zl, Z2, Z3 and Z4 are 
unequal. For example, in the case shown in Fig. 3B, only 
the light detecting area Zl detects light, indicating that 
the beam spot S is displaced from the center of the light 
receiving surface 116 and formed only on the light 
detecting area Zl. 

[0063] The light detector 108 generates signals 
corresponding to the light amounts detected by the light 
detecting areas Zl, Z2, Z3 and Z4 and outputs those signals 
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to the controller 110. The controller 110 adjusts the 
incident position of the laser beam on the entrance face 
202 of the optical fiber 200 based on the signals received 
from the light detector 108 ^ This adjustment is carried, out 
by controlling the position of the first converging lens 
104 by operating the actuator 112. 

[0064] As previously mentioned, the second converging 
lens 106 and the light detector 108 are arranged such that 
the laser beam reflected by the entrance face 202 of the 
optical fiber 200 at the center thereof is incident on the 
center of the light receiving surface 116 of the light 
detector 108. Therefore, the controller 110 adjusts the 
incident position of the laser beam on the optical fiber's 
entrance face 202 so that the laser, beam reflected by the 
entrance face 202 is incident on the center of the light 
receiving surface 116 of the light detector 108, or so that 
the light amounts detected by the light detecting areas Zl, 
Z2, Z3 and Z4 become equal to each other. 

10065] It should be noted that the above-mentioned 
adjustment of the incident position of the laser beam on 
the optical fiber *s entrance face 202 can be carried out 
not .only at the time of tuning-up of the optical 
communication device 100 after it is connected with the 
optical fiber 200, but also when the optical communication 
device 100 is iij communication with other devices through 
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the optical fiber 200. In the later case, the laser beam 
modulated in accordance with data to be transmitted . can be 
utilized for adjusting the incident position of the laser 
beam on the optical fiber's entrance face 202. 
[0066] Fig. 4 schematically shows the optical fiber 200 
according to the first embodiment of the invention. The 
optical fiber 200 has the entrance face (first end face) 
202 and a second end face 204. The first end face 202 
includes a core region 206 and a cladding region 208. The 
cladding region 208 is provided with a mirror surface 
coating 210 on the whole area thereof. The mirror surface 
coating 210 is, for example, a thin layer of metal such as 
chromium (Cr) , gold (Au) , or aluminum (Al) formed by means 
of evaporation, spattering, chemical vapor deposition (CVD) , 
or the like. 

[0067] The mirror surface coating 210 enhances the 
reflectivity of the cladding region 208. The laser beam 
incident on the cladding region 208 is therefore 
effectively reflected toward the light detector 108 and 
allows the light detecting areas Zl, Z2, Z3, and Z4 to 
accurately measure the light amount of the reflected laser 
beam. The accurate measurements of the light detecting 
areas Zl, Z2, Z3, and Z4 allow, in turn, the controller 110 
to accurately adjust the incident position of the laser 
beam on the optical fiber's entrance face 202. 
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[0068] By a conventional optical fiber not provided with 
a mirror surface coating on an end face thereof , the 
reflectivity of the end face is very low and the power of 
the light reflected thereby is very low. Therefore, the 
optical coinmunication device 100 can hardly adjust the 
incident position of the laser beam on the end face of the 
conventional optical fiber. The pptical fiber 200 shown in 
Fig. 4 overcomes this problem of the conventional optical 
fiber and allows the optical communication device 100 to 
establish good optical coupling between the laser diode 102 
and the optical fiber 200. 

[0069] Figs. 5A through 5E schematically illustrate a 
process for forming the mirror surface . coating 210 on the 
first end face (entrance face) 202 of the optical fiber 200. 
[0070] First, a negative photoresist is applied on the 
first end face 202 of the optical fiber 200 over the whole 
area thereof to form a photoresist layer 220. (see Fig. 5A) . 
The photoresist is applied, for example, by utilizing a 
spin coater. Alternatively, the first end face 202 may be 
coated with the photoresist by spraying the photoresist 
thereon. 

[00711 Next, ultraviolet light is Introduced into the 
optical fiber 200 from the second end face 204 thereof as 
shown in Fig. 5B. The ultraviolet light passes through the ^ 
optical fiber - 200 and emerges from the core region 206 of 
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the first end face 202.. Thus, the photoresist layer 220 is 
selectively exposed only at above the core region 206. Note 
that the exposure time depends on the thickness of the 
photoresist layer. 

[0072] The exposure process described above allows 
selective exposure of the photoresist layer 220 without 
using a mask. Therefore, the exposure process is simple and 
can be carried out at'^low cost. 

[0073] After the exposure process shown in Fig. 5B, the 
photoresist layer 220 is developed to remove the 
photoresist not exposed, or the photoresist applied on the 
cladding region 208 of the first end face 202. As a result, 
the photoresist layer remains only above the core region, 
206 as shown in Fig. 5C. ^ 

[0074] Next, as shown in Fig. 5D, a thin layer 222 
having an uniform thickness and a high reflectivity is 
formed on the first end face 202. In the present embodiment 
the thin layer 222 is a mirror surface metal layer formed 
by means of evaporation. The metal that can be used for 
forming the thin layer 222 includes chromixim, gold and 
aluminum. It should be noted that materials other than 
metal can be also used if the obtained thin layer 222 has a 
reflectivity higher than the cladding regiori 208. 
[0075] Next, lift off is performed (see Fig. 5E). That 
is, the photoresist layer 220 remaining on the core region 
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206 is removed from the first end face 202 together with 
the thin (metal) layer 222 thereon to expose the core 
region 206. The lift off is performed by dipping the first 
end face 202 . into acetone, for example. As a result, the 
thin (metal) layer 222 remains only on the cladding region 
208 and forms the mirror surface coating 210 shown in Fig. 4. 
Note that, since the object of the mirror surface coating 
210 is to increase the light amount reflected by cladding 
region 208, the mirror surface coating 210 is only formed 
on the cladding region 208 and not on the circumferential 
side surface of the optical fiber 200. 

[0076] Fig. 6 shows a variation of the optical fiber 200 
shown in Fig. 4. The optical fiber 230 shown in Fig. 6 
differs from the optical fiber 200 shown in Fig. 4 in that 
the mirror surface coating 210 is formed on the cladding 
region 208 of the first end face 202 only in a vicinity of 
the core region 206. Except the above, the optical fiber 
230 has the same configuration as the optical fiber 200. 
10077] The optical fiber 230 shown in Fig. 6 can, be used 
instead of the optical fiber 200 shown in Fig. 4 when the 
light detector 108 of the optical communication device 100 
has a high sensitivity. Note that the optical fiber 230 can 
be produced by carrying out an additional exposvire process 
between the exposure process shown in Fig. 5B and the 
developing process shown in Fig. 5C, in which the outer 
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peripheral area of the photoresist layer 220 is selectively 
exposed by ultraviolet light irradiated on the first end 
face 202 through a mask 238 as shown in Fig. 7. 
[0078] Fig. 8 shows another variation of the optical 
fiber 200 shown in Fig. 4. The optical fiber 240 shown in 
Fig. 8 differs from the optical fiber 200 shown in Fig. 4 
in that the first end face 202 is formed so that it 
inclines against an optical axis 242 of the optical fiber 
240. Except the above, the optical , fiber 240 has the same 
configuration as the optical fiber 200. It should be noted 
that the optical fiber 240 can be produced by obliquely 
cutting one end of the optical fiber 240 to form an oblique 
first end face, and then carrying out the ^process described 
in connection with Figs . 5A through 5E . 

£0079].. Fig. 9 shows a variation of the light detector 
108 shown in Fig. 2. The light detector 130 shown in Fig. 9 
differs from the light detector 108 shown in Fig, 2 in that 
each light detecting area Zi (1=1,2,3,4) thereof has an 
inner zone ZIi and an outer zone ZOi. The inner zones ZIt 
and the outer zones ZOi are arranged such that the laser 
beam reflected by the core region 206 of the entrance face 
202 of the optical fiber 200 impinges on the inner zones 
ZIi and the laser beam reflected by the cladding region 208, 
or mirror surface coating 210, impinges on the outer zones 
ZOi. Each of the light detecting areas Zi is arranged to 
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have a higher sensitivity at the inner zone ZIi than at the 
outer zone ZOi so that the light beam reflected by the core 
region 206, which has a lower reflectivity than the 
cladding region 208, can be also detected accurately. 
[0080] Fig. iOA is a perspective view of the optical 
fiber 400 according to the second embodiment of the 
invention. The optical fiber 400 has a first end face 
(entrance face) 402 and a second end face 404. The optical 
fiber 400 also has a core 406 and a cladding 408 
surrounding the core 406. 

[0081] Fig. lOB schematically illustrates an optical 
communication device 150 which has the same configuration 
as the optical communication device 100 shown ±ii Fig. 1 
except that the second converging lens 106 is removed. The 
optical fiber 400 is connected with the optical 
communication device 150 at the first end face 402, as 
shown in Fig. lOB, so that the laser beam emitted from the 
laser diode 102 is converged on the first end face 402 of 
the optical fiber 400 with a diameter greater than that of 
the core 406. A part of the laser beam is introduced into 
the optical fiber 400, while the remaining part thereof is 
reflected toward the light detector 108 by the first end 
face 402 of the optical fiber 400. 

[0082] The first end face 402 of the optical . fiber 400 
is formed so that diffraction occurs when the laser beam 
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Incident thereon is simultaneously reflected by the core 
406 and the cladding 408. More specifically, the first end 
face 402 is formed so that the core 406 protrudes from the 
cladding 408 in a direction of an optical axis 410 of the 
optical fiber 400 with the end face of the core 406 being 
parallel with the end face of the cladding 408. The core 
406 is protruded from the cladding 408 by a distance less 
that X./(4n) where X represents the wavelength of the laser 
beam and n represents the refractive index of the medium 
transmitting the laser beam. In the present embodiment, the 
core 406 protrudes from the cladding 408 by a distance of 
X/8n (or X/8 since the medium transmitting the laser beam 
is air). The first end face 402 of the optical fiber 400 
arranged as above diffracts the laser beam reflected 
thereby. 

[0083] Figs. IIA and IIB . schematically show light 
intensity distributions of the laser beam impinging on the 
light receiving area 116 after being reflected by the first 
end face 402 of the optical fiber 400 shown in Fig. lOA. In. 
each of Pigs, llA and IIB, the vertical line represents the 
light intensity I and the horizontal line represents the 
distance x from the center of the light receiving area 116. 
Fig. IIA schematically shows the light intensity 
distribution of the laser beam reflected by the first end 
face 402 at the center area thereof, and. Fig. IIB 
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schematically shows the light intensity distribution of the 
laser beam reflected by the first end iEace 402 at an area 
thereof displaced from the center . 

[0084] As shown in Fig. liA, when the laser beam is 
reflected by the optical fiber's first end face 40 2 at the 
center area thereof, the light intensity distribution has. 
for example, double peeiks due to the diffraction of the 
reflected laser beam and is symmetrical with respect to the 
center of the light receiving surface 116 of the light 
detector 108 ... 

[0085] The light intensity distribution, however, 
becomes asymmetric with respect to the center of the light 
receiving surface 116 when the laser beam is reflected by 
the optical fiber's first end face 402 at an area thereof 
displaced from the center. Due to the diffraction of the 
reflected laser beam, the level of one of the peaks in the 
light intensity distribution increases compared to the peak 
value of the light intensity distribution shown in Fig. llA. 
The asymmetric distribution and the high peak value of the 
light intensity distribution shown in Fig. IIB makes the 
differences between the light amounts detected by the light 
detecting areas Zl, Z2, Z3, and Z4 of the light detector 
108 large and thereby facilitates the light detector 108 
detecting the displacement of the laser beam incident 
position on the first end face 402 of the optical fiber 400 
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from the center thereof. 

[0086] Figs. 12A through 12E schematically illustrate a 
process for forming the protruded core 406 on the first end 
face 402 of the" optical fiber 400. 

[0087] First, a negative photoresist is applied on the 
first end face 402 of the optical fiber 400 over the whole 
area thereof to form a photoresist layer 220 (see Fig. 12A) . 
[0088] Next, ultraviolet light is introduced into the 
optical fiber 400 from the second end face 404 thereof as 
shown in Fig. 12B. The ultraviolet light transmits through 
the core 406 and emerges from the first end face 402. As a 
result, the photoresist layer 220 above the core 406 is 
selectively exposed by the ultraviolet light. 
[0089] Next, the photoresist layer 220 is developed to 
remove the photoresist not exposed, i.e. the photoresist on 
the cladding 408. After the development, the photoresist 
layer remains only above the core 406 as shown in Fig. 12C, 
[0090] Next, the first end face 402 is etched (see Fig. 
12D) . Since the core 406 is protected by the photoresist 
layer 220, only the cladding 408 is selectively etched. The 
cladding 408 is etched until the step height between the 
core 406. and this cladding 408 becomes X/8. Either wet 
etching or dry etching may be utilized. In the present 
embodiment, the dry etching is employed since the etching 
speed thereof can be precisely controlled. More 
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particularly, a fast atom beam device is utilized in the 
present embodiment for etching the cladding 408, which 
performs excellent anisotropic etching. 

[0091] After the etching process is carried out, the 
photoresist layer 220 remaining on the core 406 is removed, 
as shown in Fig. 12E. to ultimately obtain the optical 
fiber 400 shown in Pig. 11. . 

[0092] Figs. 13A , through 13E schematically illustrate 
another process for forming the protruded core 406 on the 
first end face 402 of the optical fiber 400. 
[0093] In. the process shown, in Figs. 13A through 13E, 
the steps of forming a photoresist layer 220 on the first 
end face 402 of the optical fiber 400 (Fig. 13A) , eatposing 
the photoresist layer 220 (Fig. 13B). and developing the 
photoresist layer 220 (Fig. 13C) are the same as the steps 
described above in connection with Figs. i2A. 12B and 12C, 
respectively, except that a positive type photoresist is 
applied on the first end face 402. Thus, after the 
development, the photoresist layer 220 on the cladding 408 
remains and the core 406 is exposed (see Fig. 13C) . 
[0094] After the^ development of the photoresist layer 
220, an additional layer 412 having a thickness of X/8 is 
formed on the first end face 402 (see Fig. 13D) . The 
additional layer 412 is made of a material through which 
the laser beam can transmit. Preferably, the material has 
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the same refractive index as the core 406 of the optical 
fiber 400. An example of such a material is glass (SiOz). 
The additional layer 412 can be formed by spattering, for 
example. 

[0095] Next, the photoresist layer 220 is removed 
together with the additional layer 412 formed thereon. As a 
result, the additional layer 412 remains only on the core 
406, as shown in Fig. 13E, and the optical fiber 400 shown 
in Fig.lOA is obtained. 

[0096] Fig. 14 shows the optical fiber 500, which is a 
variation of the optical fiber 400 shown in Fig. lOA. The 
optical fiber 500 shown in Fig. 14 has a first end face 

(entrance face) 502 and a second end face 504. Further, the 
optical fiber 500 has a core 506 and a cladding 508 
surrounding the core 506. As with the optical, fiber 400, 
the optical fiber 500 can be connected to the optical 
communication device 150 at the first end face 502 thereof. 
[0097] The first end face 502 of the optical fiber 500 
is arranged so that the core 506 forms a recessed area on 
the first end face 502 (i.e,, the core 506 is retracted 
from the end face of the cladding 508 in a direction of an 
optical axis 510 of the optical fiber 500), and so that the 
end face of the core 506 is formed parallel to the end face 
of the cladding 508. The depth of the recessed area formed 
by the core 506 is less than V4n, and is equal to X/8 in 
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the present embodiment. 

[0098] The optical fiber 500 arranged as above causes 
the laser beam reflected by the first end face 502 thereof 
to diffract in a similar manner as the laser beam reflected 
by the first end face 402 of the optical fiber 400 shovm in 
Fig, lOA. 

[0099] Figs- 15A through 15E schematically illustrate a 
process for forming the recessed area mentioned-above on 
the first end face 502 of the optical fiber 500 
[0100] In the process shown in Figs. 15A through 15E, 
the steps of forming a photoresist layer 220 on the first 
end face 502 of the optical fiber 500 (Fig. 15A) , exposing 
the photoresist layer 220 (Fig. 15B), and developing the 
photoresist layer 220 (Fig. 15C) are the same as the steps 
shown in Figs. 13A, 13B and 13C. Therefore, detailed 
descriptions of these steps will be omitted. 
[0101] After the photoresist layer 220 is developed to 
expose the core 506, the first end face 502 is etched. 
Since the cladding 508 is protected by the photoresist 
layer 220, the core 506 can be selectively etched during 
this step. The etching of the first end face 502 is 
performed until the step height between the core 506 and 
the cladding 508 at the first end face 502 becomes equal to 
X/8 (see Fig. 15D) . 

[0102] Then, the photoresist layer 220 is removed from 



28 



1 



the first end face 502 (see Fig, 15E). As a result, the 
optical fiber 500 shown in Fig. 14 is obtained. 
[0103] It should be noted that the optical fiber 500 can 
also be obtained by selectively forming an additional layer 
on the cladding 508 of the first end face 502, which 
additional layer is capable of reflecting the laser beam 
and has a thickness less than X/4, by a process similar to 
that described in Figs . 5A through 5E . 

£0104] While the invention has been described in detail 
with reference to specific embodiments thereof, it would be 
apparent to those skilled in the art that various changes 
and modifications may be made therein without departing 
from the spirit of the invention, the scope of which is 
defined by the attached claims . 

[0105] For example, the first end face 402 of the 
optical fiber 400 shown in Fig. IDA may be formed, so that 
the core 406 protrudes from the cladding 408 in the 
direction of the optical axis 410 of the optical fiber 400 
with the end faces of the core 406 and the cladding 408 
inclined against the optical axis 410 as shown in Fig. 16. 
Note that such an oblique first end face can be produced by 
obliquely cutting one end of the optical fiber and then 
carrying out the process described in connection with Figs. 
12A through 12E, for example. 

[0106] The present disclosure relates to the subject 
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matters contained in Japanese Patent Applications Nos, 
P2002-320864 , filed on November 5/ 2002, P2002-323494 , 
filed on November 7, 2002;. and P2002-327996 , filed on 
November 12, 2002, which are expressly incorporated herein 
by reference in their entireties. 
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